Highly nanoporous manganese oxides, such as meso-MnO 2 and meso-Mn 2 O 3 , are synthesized using nanoporous silica KIT-6 as a hard template via nano-replication method. Manufactured ordered nanoporous materials exhibit significant properties, such as large and uniform pore sizes, high surface area and pore volume, and well-defined pore topologies. The catalytic performance of the synthesized materials during the repetitive decomposition of hydrogen peroxide is also examined in a specially-designed pulse-injection reactor. In comparison of catalytic decomposition of high-purity hydrogen peroxide, the decomposition activity of nanoporous MnO 2 was better than that of bulk MnO 2 , which can be attributed to larger surface area of nanoporous MnO 2 than that of bulk MnO 2 . It was confirmed that nanoporous MnO 2 is a better catalyst in terms of its catalyst life in comparison with nanoporous Mn 2 O 3 .
INTRODUCTION
Manganese oxide is nontoxic, eco-friendly, and inexpensive, as well as abundant, and therefore it has diverse industrial applications. In particular, manganese oxide as a catalyst or a support has been intensively studied due to its oxidation-reduction characteristics. [1] [2] [3] Recently, studies on the preparation and characteristics of nanoporous manganese oxides have received a great deal of attention. 4 5 Silica has neither an ion exchange characteristic nor a catalytic site on the surface; therefore, homogeneous dispersion of a catalyst precursor in mesopores of silica cannot be achieved using the conventional impregnating method. A catalytic site is affected by the dispersion of the catalytic species, and so making a nanoporous material into a catalytic material has been suggested as an alternative to the conventional impregnating method. Therefore, we studied a catalyst preparation process using a nanoreplication method that can be used to synthesize transition-metal molecular sieves with nanoporous structures. When this nanoreplication method was used, it was possible to provide various ions of a precursor on the * Authors to whom correspondence should be addressed. surface of the nanoporous structure.
6-8 Nanoreplication method using mesopore silica (KIT-6) as a template, which has a 3-D cubic (Ia3d) framework structure, was applied to obtain a ordered nanoporous metal oxide. Various kinds of crystalline nanoporous manganese oxides were successfully synthesized in a reducing atmosphere. 2 Hydrogen peroxide is a nontoxic and eco-friendly oxidant because harmless oxygen and vapor are produced when it decomposes. In addition, hydrogen peroxide does not easily evaporate due to its low vapor pressure and therefore it is easy to store. It also has other advantages, such as low cost. [9] [10] [11] [12] Due to these advantage, methods using high-purity hydrogen peroxide (>90%) as a propellant have been intensively studied. Catalysts used in the decomposition reaction of high-purity hydrogen peroxide are exposed to intermittent thermal shock and therefore should possess thermal and mechanical resistance. For the decomposition of high-purity hydrogen peroxide, catalysts on various supports impregnated with Pt and catalysts using perovskite (La 0 8 Sr 0 2 CoO 3 as an active substance have been reported. 11 13-16 Manganese oxide has been widely studied as an active substance in decomposition of high-concentration hydrogen peroxide. In our previous study, we found the possibility that nanoporous manganese oxide could be used as a catalyst for the decomposition of hydrogen peroxide; however, studies on manganese oxide composed of mesopores and used as a catalyst for the decomposition of highpurity hydrogen peroxide have been rare. 19 In this study, we impregnate mesopore silica with a manganese salt precursor solution to synthesize nanoporous manganese oxide with a large surface area. Then, we calcine the sample at a specific temperature to produce nanoporous MnO 2 and Mn 2 O 3 . To evaluate the possibility of using nanoporous manganese oxide as a catalyst for the decomposition of hydrogen peroxide, we compare the performance in hydrogen peroxide decomposition of two kinds of nanoporous manganese oxide and the performance in high-purity hydrogen peroxide decomposition of bulk manganese oxide. The catalytic performance of the synthesized materials during the repetitive decomposition of hydrogen peroxide is also examined in a speciallydesigned pulse-injection reactor.
EXPERIMENTAL DETAILS
2.1. Synthesis of Nanoporous Silica (KIT-6) Nanoporous silica KIT-6, which was used as a template, was made of amphiphilic polymer (triblock copolymer Pluronic) P123 (EO 20 PO 70 EO 20 , MW = 5800, Aldrich) solution and 1-butanol (Aldrich, 99.5%). 20 Tetraethylorthosilicate (TEOS, Aldrich, 98%) was used to produce the silica. The molar composition of the reaction mixture for KIT-6 was TEOS:P123:BuOH:HCl:H 2 O = 1:0.0166:1.307:0.527:194.45. After 90 g of P123 was completely dissolved in 90 g of 1-butanol and 3255 g of distilled water, 177 g of hydrochloric acid (35) was added at one go and the mixture was stirred in a thermostatic bath at 35 C. After 193.5 g of TEOS was added, the mixture was stirred at 35 C for 24 h and treated by heating in an oven at 100 C for 24 h. Finally, vacuum filtration was conducted. The acquired powder was dried in an oven at 80 C and added to a mixed solution of ethanol and hydrochloric acid (weight ratio 40:1) and stirred for 3 h. Then, the product was washed, dried at 80 C, and calcined at 450 C in an oxygen atmosphere for 3 h.
Synthesis of Nanoporous Manganese Oxides
The production process for nanoporous manganese oxide through nanoreplication using nanoporous silica (KIT-6) as a template is as follows. We impregnated 5 g of KIT-6 with 7.71 g of manganese nitrate hydrate (98%, Aldrich). This material was in an oven at 100 C and calcined at 350 C and 550 C to produce nanoporous Mn 2 O 3 and nanoporous MnO 2 , respectively. The calcined samples were treated with a 2 M NaOH solution to remove silica. Finally, nanoporous manganese oxide was produced.
Characterization of Manganese Oxides
Using a Rigaku D/MAX-III (3 kW, 30 kV, 40 mA), which used Cu K radiation as an X-ray source, small-angle X-ray diffraction analysis was performed to determine the pore structure of the nanoporous material. The range of analysis was 0 5∼5 and the scan speed was 0.5 /min. In addition, in the wide-angle X-ray diffraction analysis, the structure of the nanoporous manganese oxide was investigated using a MiniFlex600 (Rigaku). The range of analysis was 10∼90 and the scan speed was 10 /min. An X-ray generator at 600 W (40 kV-15 mA), a tube with a Cu target, and a D/tex Ultra as a detector were used for the analysis.
The surface area and the pore characteristics of the produced silica and nanoporous manganese oxide were analyzed through nitrogen adsorption experiments. Approximately 0.2 g of catalyst was placed in a sample port and treated at 200 C for 8 h. Then, the sample was analyzed at −196 C using a BEL SORP MiniII from BEL JAPAN, Inc. Nitrogen as an adsorbing gas was supplied to obtain the nitrogen adsorption-desorption isotherms. The specific surface area and the pore size distribution were determined using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively.
Transmission electron microscopy (TEM) images were collected using JEOL JEM 3010 at an accelerating voltage of 300 kV. The size of the whole domain was measured; small particles forming the domain and the crystal structure were identified through TEM. For the TEM analysis, the nanoporous material was dispersed in ethanol by ultrasonication and then put on a carbon-coated grid and dried in an oven.
X-ray Photoelectron Spectroscopy (XPS) analysis was performed to investigate the manganese oxidation state on the surface of the nanoporous manganese oxide. Equipment used for analysis was a MultiLab. ESCA 2000. The analyzed area was 100 m∼10 mm, and Mg Ka (0.7 eV) sources of radiation were used for the X-ray energy resolution.
Decomposition of High-Purity Hydrogen Peroxide
The reactor design for the decomposition of the highconcentration hydrogen peroxide has been illustrated in the literature. 21 In this study, a dedicated reactor was used for the comparative characterization of the activity of the catalyst in the decomposition of high-concentration hydrogen peroxide at atmospheric pressure (Fig. 1) . The reactor consisted of a stainless vessel with a volume of 100 ml. The upper part of the vessel was closed with a sealing lid with a connection for the H 2 O 2 reservoir and an exhaust duct for the hot gas generated by the reaction. In the cover were also located two thermocouple taps, one for the measurement of the temperature of the liquid H 2 O 2 and another for measuring the temperature of the gas in the cylinder (Fig. 1) catalyst was placed in the reaction vessel. Then, a given quantity of high-concentration (95%) hydrogen peroxide was added by opening the valve of the H 2 O 2 reservoir. The decomposition reaction promoted by the catalyst generated a hot gas mixture at nearly atmospheric pressure, at which molecular oxygen, steam, and a small quantity of gaseous hydrogen peroxide were present. After leaving the vessel, these gases entered the heat exchanger, in which their temperature was lowered using cold coolant flow that was passing through a coil pipe. The heat exchanger was used to condense most of the water and the hydrogen peroxide vapor. As a consequence, the gas flow at the exit of the heat exchanger contained pure oxygen.
RESULTS AND DISCUSSION

Characteristics of Manganese Oxides
The low angle XRD pattern of the nanoporous silica (KIT-6) is exhibited in Figure 2 . A sharp peak appeared at 2 = 1 , corresponding to the (211) reflection of the Ia3d space group. 20 In addition, peaks observed at (211), (220), and (332) reflection positions suggest a bicontinuous cubic Ia3d symmetrical structure. 18 As can be seen in Figure 3 , nanoporous silica (KIT-6) shows the adsorption isotherm (Type IV) of typical nanoporous materials. In Table I , the specific surface area, the pore volume, and the pore diameter of nanoporous silica were 870 m 2 /g, 1.03 cc/g, and 6.2 nm, respectively. In the XRD and N 2 adsorption results, it was confirmed that the material had a 3-D cubic Ia3d framework structure; it was also confirmed that ordered nanoporous KIT-6 had been successfully produced.
The results of the wide angle XRD analysis, performed to investigate the crystallographic structure of the nanoporous manganese oxide, are shown in Figure 4 . . In addition, single-phase manganese oxide without impurities was produced, as confirmed by each XRD pattern. As can be seen in Figure 5 , the low angle XRD pattern of nanoporous manganese oxide has an obvious peak at 2 = 1 . This peak corresponds with the (211) reflection of the Ia3d space group, for which a negative replicated structure of KIT-6 is expected. The peak at 2 = 0 55 indicates the (110) reflection arising from the structural modification of the cubic Ia3d structure to a tetragonal I4 1 /a mesostructure (Fig. 5) . Furthermore, the two types of nanoporous manganese oxide maintained the mesopores well and therefore it was confirmed that the heat treatment of KIT-6 had been successfully performed without destroying the structure. X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate the manganese oxidation number of the nanoporous manganese oxide. The binding energies of the Mn 2P 3/2 of the nanoporous manganese (Fig. 6 ). 22 It was well known that the activity of manganese-based catalysts is due to surface Mn 4+ cations and that H 2 O 2 decomposition occurs through the mechanism involving the redox cycle. 10 The results of measurements of the specific surface area, the pore volume, and the pore size distribution in the nitrogen adsorption experiment are presented in Table I . Remarkably, the specific surface area of the crystalline nanoporous MnO 2 was four-fold larger than that of the bulk-MnO 2 . Thus, a good effect on the catalyst activity is expected. The nitrogen adsorptiondesorption isotherms of meso-manganese oxide catalysts are shown in Figure 7 . Nanoporous MnO 2 catalyst and Mn 2 O 3 catalyst showed hysteresis in which each adsorption isotherm and each desorption isotherm had different routes when the relative pressure was higher than 0.4. Therefore, the catalysts can be classified into type IV adsorption and desorption isotherms according to the IUPAC classification, and it is suggested that the catalysts contain well-defined mesopores. The pore size distribution is shown in Figure 7 . Nanoporous MnO 2 demonstrated a sharp pore size distribution arising from the accurate replication of the KIT-6 template at 2.1 nm in pore radius. In the case of nanoporous Mn 2 O 3 , the pore size distribution was observed at 1.9 nm in pore radius.
As can be seen in the TEM image of Figure 8 , there is a regular pore structure, about 10 nm in size, and a wall, about 7 nm in thickness. The regular pore structure configuration was slightly collapsed after heat treatment and silica removal. As a result, the average pore size determined by BJH method is somewhat different from the pore size of a regular pore structure observed in the TEM image.
Decomposition of High-Purity Hydrogen Peroxide
The reactor was filled with 1 g of the powder catalyst and the decomposition of 8 cc of high-concentration hydrogen peroxide was performed five times for each catalyst. The time histories of the liquid temperatures for five consecutive tests are shown in Figure 9 . The time needed for the liquid to reach the peak temperature t max , as well as the peak temperature itself T max , has been used as quantitative assessment of the decomposition activity, the susceptibility to poisoning, and the repeatability of the catalysts. 23 In the two graphs, as time to maximum temperature became shorter and decomposition reaction temperature became higher, the catalyst activity increased.
The nanoporous MnO 2 needed shorter time to reach the peak temperature t max than that over the bulk MnO 2 catalyst through five consecutive tests. In addition, the nanoporous MnO 2 catalyst showed higher peak temperature T max . These trends indicate that the decomposition activity of hydrogen peroxide over the nanoporous MnO 2 was better than that over the bulk MnO 2 . It was found that the surface area of the nanoporous MnO 2 catalyst prepared by nano-replication was much larger than that of the bulk MnO 2 . More active sites could be exposed to the reactant owing to high surface area of the nanoporous MnO 2 . Furthermore, the mesoporosity of the nanoporous MnO 2 was higher than that of the bulk MnO 2 . Because larger pore diameter might facilitate the transport of reactant molecules into the pores of the catalyst, a better catalytic activity over the nanoporous MnO 2 catalyst could be explained by the well-developed mesoporosity of the catalyst.
In the comparison of the reaction activity of two types of nanoporous manganese oxide, reaction temperature was the highest in the primary test of nanoporous Mn 2 O 3 , suggesting that initial activity is better than that of nanoporous MnO 2 . However, as the number of tests increased, the activity of nanoporous Mn 2 O 3 dropped slightly compared to that of nanoporous MnO 2 . Therefore, it was confirmed that nanoporous MnO 2 is a better catalyst in terms of its catalyst life.
It has been suggested by Sorge et al. that the activity of manganese-based catalysts is due to surface Mn 4+ cations and H 2 O 2 decomposition occurs through the mechanism involving the redox couple Mn 4+ /Mn 3+ . 10 According to the mechanism, the reaction rate depends at the same time on the kinetics of reduction of Mn 4+ cations and on their concentration. In this study, however, we focused on the comparison of the catalytic properties of the nanoporous Mn oxide prepared via nano-replication method with those of the conventional MnO 2 catalyst. Some oxidation statedependent catalytic activities of the catalysts prepared will be investigated as further work.
CONCLUSIONS
Two types of nanoporous manganese oxides, meso-MnO 2 and meso-Mn 2 O 3 , were successfully synthesized via the nano-replication method using nanoporous silica (KIT-6) as a solid template. The nanoporous manganese oxides exhibit significant properties, such as large and uniform pore sizes, high surface area and pore volume, and welldefined pore topologies. The specific surface area of the crystalline nanoporous MnO 2 was four-fold larger than that of the bulk-MnO 2 . In comparison of catalytic decomposition of high-purity hydrogen peroxide, the decomposition activity of nanoporous MnO 2 was better than that of bulk MnO 2 , which can be attributed to larger surface area of nanoporous MnO 2 than that of bulk MnO 2 . It was confirmed that nanoporous MnO 2 is a better catalyst in terms of its catalyst life in comparison with nanoporous Mn 2 O 3 .
